




















Quantum computers based on electron spins controlled by ultra-fast, off-resonant,
single optical pulses
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We describe a quantum computer operating at a 100 GHz clock frequency based on optically
controlled electron spins in quantum dots. In contrast to ESR quantum computers based on narrow-
band resonant microwave/RF control fields, this scheme employs broad-band optical pulses as control
signals, and the arrival timing of those pulses provides a clock signal to the system. We demonstrate
the feasibility of high fidelity single-qubit gates in charged quantum dots with operation times shorter
than the inverse Zeeman frequency. Non-local, two-qubit gates may also be realized with similarly
fast optical pulses in this system if each quantum dot is contained in a moderate-Q microcavity
which is overcoupled to a common, low-loss waveguide.
PACS numbers: 03.67.Lx, 32.80.Qk, 33.35.+r, 42.65.Re
There has been much excitement over electron spin
systems in charged quantum dots as qubits for quantum
information and quantum computation [1, 2, 3]. Mil-
lisecond spin relaxation times (T1) [4] and microsecond
decoherence times (T2) [5, 6] observed in III-V quantum
dots allow for a high number of gate operations in these
spin systems. Another advantage of quantum dots is that
strong optical transitions to the charged exciton state [7]
provide a way to couple electron computational qubits to
photonic communication qubits. Experimentally, several
important steps have been made toward the development
of electron spins as computational qubits, including sin-
gle qubit initialization [8], single qubit rotations [9, 10],
and a two qubit swap gate [6].
In non-optical approaches to electron spin quantum
computers [1, 11, 12], the speed of a single qubit gate
performed by the electron spin resonance (ESR) tech-
nique is limited by the speed at which narrow-band mi-
crowave fields can rotate spins (several hundred nanosec-
onds) [9]. Existing proposals for optical approaches to
electron-spin quantum computers [2, 13, 14, 15] use stim-
ulated Raman adiabatic passage (STIRAP) to perform
spin rotations, so suffer similar bandwith limitations as
ESR [16, 17]. However, it is known from ultrafast spec-
troscopy techniques that a single, broad-band resonant
pulse can also induce two photon or stimulated Raman
transitions [18, 19, 20], as recently demonstrated experi-
mentally [10].
Here, we propose the use of ultra-fast, off-resonant,
single pulses to achieve all-optical control of the electron
spin for quantum computing. Arbitrary single qubit rota-
tions are performed by single 100 fs optical pulses, allow-
ing a system clock speed equal to the Larmor frequency
of the electron spins (about 100 GHz). In contrast to
ESR systems, in which the frequency of the applied field
provides a clock signal to the system [9], this scheme
uses the arrival timing of the broadband optical pulses
to provide the clock. The optical pulse train is obtained
either by a semiconductor mode-locked laser [21, 22] or
an ultra-fast optical modulator, locked to the electron’s
Larmor frequency. Ultra-fast, two-qubit gates are per-
formed through cavity-assisted, qubit-qubit interactions
with a coherent state pulse (an optical “quantum bus”
or “qubus”) [23, 24].
To construct such a quantum computer, we envision a
semiconductor chip a few hundred microns up to a mil-
limeter in size patterned with cavities (See Fig. 4a). Each
cavity holds a single electron doped quantum dot and is
connected to other cavities through a switched, circular
waveguide. Each quantum dot is individually addressed
by optical pulses perpendicularly incident to the plane
of the chip to perform ultra-fast single qubit rotations.
Also, two quantum dots can be selected to interact with
a strong, coherent light pulse through the waveguide to
perform fast two-qubit rotations.
Quantum dots are ideal candidates for this type of
quantum computer. Due to their mesoscopically en-
hanced exciton dipole moment, large area quantum dots
have extremely large oscillator strengths and thus short
radiative lifetimes (50ps-100ps) [25]. The energy levels
and optical transitions for such charged quantum dots are
shown in Fig. 1a. The growth axis is in the z-direction
and an in-plane magnetic field is applied to split the two
electron Zeeman states (electron g-factor range of 0.2-
0.65, for GaAs or InAs quantum dots [7, 26]). The ex-
cited state consists of two electrons in a spin-singlet state
and a heavy hole. We neglect the light hole exciton states
as they lie several 10’s of meV’s above the heavy hole ex-
citon states [5]. The heavy hole Zeeman splitting is much
smaller than the heavy hole and light hole splitting, so
the heavy-hole eigenstates, |mh = ±
3
2
〉z, still provide a
good quantum basis in the presence of a magnetic field.
If we apply σ+ polarized light to the system (defined
with respect to the quantum dot-axis), the two electron




〉 state (Fig. 1a).
Although quantum dots are the most mature electron-






























FIG. 1: a) Energy level diagram for a charged quan-
tum dot in an in-plane B-field. The lower single electron
state energies are the Zeeman eigenstates,














. Due to the strong, in-plane
confinement, the trion states are still well described by




∣∣mh = + 32
〉
z
transitions, thus an effective
three level system can be isolated with the polarization of
the incident field. b) Energy level picture of two pairs of
frequencies contained within the applied pulse that will in-
duce transitions between states
∣∣me = − 12
〉
x
, labeled |0〉, and∣∣me = + 12
〉
x
, labeled |1〉, through excited state, |e〉. c) Fre-
quency domain picture of the optical pulse, showing the two
pairs of frequency components within the pulse spectrum
needed to complete a stimulated Raman transition.
applied to other systems. A promising alternative to the
quantum dot system is the neutral donor bound exciton
system. Bound exciton systems have similarly short ra-
diative lifetimes from 1 ns in GaAs to 100 ps in ZnSe [27].
A key advantage of bound excitons over quantum dots is
the narrow inhomogeneous linewidth which is generally
on the same order as the homogeneous linewidth [28, 29].
Nearly identical transition frequencies will facilitate the
coupling of a network of electron spins via qubus. Since
bound exciton systems, although promising, are still be-
ing developed, we will focus our numerical calculations
on the more mature quantum dot system.
In order to perform an arbitrary single qubit rota-
tion, one can perform three sequential rotations about
two non-parallel axes. In this scheme, these rotations
are achieved by three consecutive hundred femtosecond
pulses, each inducing a rotation about one axis. The an-
gle and axis of each rotation is determined by the pulse
area and the timing of the pulse. The rotation axis is
determined by the phase difference between the two fre-
quency components separated by the Zeeman frequency
within the pulse spectrum (Fig. 1b and c), and thus ul-
timately depends on the pulse timing. Pulses in a pulse
train starting at t = 0 that arrive at intervals of exactly
one Larmor period cause rotations around the same axis
which we define as the x-axis. Pulses delayed by one
fourth of the clock period will have a phase difference
FIG. 2: Control optical pulse source and rotations about var-
ious axes induced by pulse delay, a) x-pulse train with pulses
occurring at the Zeeman frequency beginning at t=0. b) y-
pulse train begins at t = 1/4 Larmor period c) -x-pulse train
begins at t = 1/2 Larmor period
of pi/2, inducing rotations about the y-axis, and pulses
delayed by one half the period will have a phase differ-
ence of pi, inducing rotations about the -x-axis (Fig. 2).
This sequence of three pulses can occur in less than the
inverse Zeeman frequency, thus for a reasonable Zeeman
splitting of 100 GHz, an arbitrary single qubit gate can
be implemented in 5 ps.
We can gain basic understanding of the scheme by ex-
amining a simple three level model without relaxation





















Here, ∆ is the detuning of the center frequency of the
applied pulse spectrum from the |0〉 ↔ |e〉 transition
frequency, δ is the Zeeman splitting, Ω1,2 = µ1,2E1,2/h¯
are the complex Rabi frequencies of the pulses that con-
nect the states
∣∣me = ± 12
〉
x





, and f(t) is the pulse envelope (Fig. 1a
and b). At large detuning, this three-level system may
be reduced to a two-level system by adiabatic elimination
of the excited state to an effective Hamiltonian given by
H = h¯G(t)−Beff(t) · S, (2)
where S is the spin operator of the electron spin, G(t) =
f2(t)(|Ω1|
2 + |Ω2|











This effective field can be much larger than the applied
magnetic field, allowing an effective Rabi frequency much
faster than the Larmor frequency. The speed of the qubit
rotation is proportional to |Beff|. For the quantum dot
system shown in Fig. 1a, we may simplify this expression
3by assuming |Ω1| = |Ω2|, so that the axis of rotation
is nearly in a plane transverse to the applied magnetic
field, with a small z-component given by δ. In which
case, the Rabi frequency is |Ω| =
√
|Ω1|4/16∆2 + δ2 ≈
|Ω1|
2/4∆. The azimuth of the rotation is determined by
the phase of Ω, that is, the relative phase of the frequency
components separated by the Zeeman frequency within
the single broadband pulse spectrum (Fig. 1b and c).
This relative phase is a linear function of the pulse arrival
time, and thus rotations about two perpendicular axes
are possible with controlled pulse delays.
This simple analysis has made an adiabatic approxi-
mation for the excited state and neglected incoherent re-
laxation. To evaluate the importance of these effects, we







[H, ρ] +R(ρ), (5)
in which R(ρ) is the relaxation operator describing the
relaxation processes. We work in the interaction picture
and invoke the rotating wave approximation under the
reasonable assumption that the detuning is small com-
pared to the |1〉 ↔ |e〉 transition, but still large compared
to the splitting of states |0〉 and |1〉. The Hamiltonian in
Eq. (5) is the same as Eq. (1). The relaxation operator,
R(ρ), gives the relevant relaxation terms [29].
We numerically solve the master equation (Eq. (5))
with the following realistic quantum dot parameters: lon-
gitudinal relaxation (Γ01) from |0〉 → |1〉 = (1 ms
−1) [4],
radiative relaxation (Γe0 (Γe1)) from |e〉 → |0〉 (|1〉) =
(200 ps)−1 [30], and decoherence rate (γ1) between |0〉
and |1〉 = (10 µs)−1 [5, 6, 31]. The quantum state pop-
ulations for a 10 THz detuned, 100 fs full-width, half-
maximum, Fourier transform limited Gaussian pulse ap-
plied to a spin originally in state |0〉 are shown in Fig. 3a
as a function of pulse energy density. Using the definition
of fidelity F = 〈Ψ| ρ |Ψ〉, where Ψ is the desired quantum
state and ρ is the density matrix of the obtained state,
we find it is possible to implement pi-pulses with a fi-
delity Fpi > 0.999 (applied pulse energy density of 0.0566
nJ/cm2) and pi/2-pulses with a fidelity Fpi/2 > 0.999 (ap-
plied pulse energy density of 0.0249 nJ/cm2). If we al-
low 5 % intensity fluctuations in our control pulses, the
fidelity decreases to 0.995 for pi-pulses and 0.998 for pi/2-
pulses. The high fidelity of the single-pulse Raman ro-
tation is a direct consequence of the speed of the pulse;
all relaxation and decoherence processes occur at a time
scale much slower than the pulse time. Additionally, the
dephasing effect due to the two-photon detuning is also
slow (10 ps) compared to the fast gate time.
The implementation of two-qubit gates via the “qubus”
concept [23] is well suited to the current implementation.
An example architecture for such a system is shown in
Fig. 4a. An off-resonant light pulse in a coherent state is
introduced at an optical switch and propagates around
FIG. 3: Example of single qubit rotations with applied single
100 fs pulse starting with all population in |0〉. a) Quan-
tum state populations ρ00 (solid), ρ11 (dot-dashed), and
ρee (dashed) vs. energy density of applied pulse. Arrows
point out energy densities necessary for pi/2- and pi-rotations.
b) Quantum state population vs. time as a 100 fs pi/2-
pulse is applied. c) Quantum state population vs. time as
a 100 fs pi-pulse is applied (Γ10 = 1 ms
−1, γ1 = 1/10 µs−1,
Γe0 = Γe1 = 1/200 ps












FIG. 4: a) The basic configuration of a loop-qubus quantum
computer. The switch introduces and ejects the coherent state
pulse and also provides a displacement operator on the pulse.
Two cavity QED qubits (1 and 2) are selectively coupled to
the pulse. b) Energy level diagram of cavity QED qubits
before they are selectively coupled to the pulse. The Kerr
nonlinearliy is utilized to shift the cavity frequency to ω0. The
coherent state pulse (at frequency ω0) interacts dispersively
with the |1〉 ↔ |e〉 transition of the qubit.
the waveguide loop, interacting alternatingly between
two selected qubits. Each dispersive interaction of the
light with a qubit causes the optical phase of the light to
change depending on the state of the qubit. With appro-
priate displacements introduced by mixing the light with
other phase-coherent light pulses at the switch, a total
geometrical phase develops which depends on the state
of the two qubits. This forms the basis of a deterministic
controlled-phase gate.
For sufficiently large controlled phase shifts with neg-
ligible spontaneous emission, a cavity surrounding each
quantum dot is required. However, for optically efficient
quantum dots, a Q factor of 1000 is sufficient. This Q
should be dominated by the coupling to the waveguide.
In the schematic of Fig. 4a, it is supposed that each cavity
is far off-resonant from the transitions of its constituent
4quantum dot so that during single-qubit rotations, the
effect of this far-off-resonant cavity may be ignored. To
switch the interaction on for a particular dot, a power-
ful mid-band light source is introduced at the cavities of
interest to instantaneously tune them in resonance with
the probe through the optical Kerr nonlinearity (Fig. 4b).
The cavity is brought into resonance with the coherent
light pulse, but is still detuned roughly 10 THz from the
|1〉 ↔ |e〉 transition of the quantum dot to maintain good
fidelity using the parameters discussed above. Also, the
two quantum dots participating in the gate need not have
exactly the same frequency; several THz inhomogeneity
is tolerated.
To evaluate the feasibility of this scheme, we have per-
formed simulations of the dispersive interactions. These
simulations are based on the same master equation
(Eq. (5)) as above, except the dot-to-field coupling terms
are replaced by a time-dependent Jaynes-Cummings
Hamiltonian, Hoff-diagonal = h¯g
∑
j=0,1 S(t)aˆ |e〉〈j|+ h.c.,
where S(t) is the convolution of the input Gaussian pulse
shape with the filter function of the cavity and g is the
vacuum Rabi splitting for the CQED system [24]. Also,
spontaneous emission rates are modified by the appropri-
ate Purcell factor. For details, see [32].
These simulations indicate that high-fidelity qubus
quantum gates can be implemented with Gaussian pulses
with a root-mean-square width of 10 ps. The results of
a full quantum simulation with a detuning ∆ = 10 THz
and coherent state amplitude α = 60 show a differen-
tial phase shift θ ∼ 0.02 (enough for a controlled-phase
gate) with a final state fidelity of the qubit alone of
99.4% (tracing over the state of the light and correcting
for single-qubit rotations). Higher fidelities are available
with longer pulses and higher Q cavities. Note that the
time required for two qubit gate operations will also be
increased by the time for the light to propagate between
the two qubits. The ability to achieve two qubit gates
between arbitrarily distant qubits is a key advantage of
the present qubus scheme. Considering the 10 ps pulse
and the pulse propagation time, nonlocal two-qubit gates
will take just a few periods of the 100 GHz system clock.
In summary, we have outlined a proposal for perform-
ing ultra-fast, optically controlled quantum gates on elec-
tron spins in quantum dots using stimulated Raman scat-
tering and qubit controlled phase shifts with single op-
tical pulses. For the single-qubit rotations the optical
pulses have a bandwidth large compared to the splitting
of the two lower lambda states; for two-qubit gates the
pulses must have a narrower bandwidth, but may still
be as short as 10 ps. The timing of the optical pulses
is precisely controlled (e.g. through a mode-locked laser
system or external ultra-fast optical modulator) to pro-
vide the system’s clock signal and control the qubit ro-
tation axis. The clock speed of a single qubit gate in
this scheme is limited only by the lower state splitting.
These methods may form the basis of an ultra-fast, scal-
able, solid-state, electron spin based, all-optical quantum
computer.
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